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Abstract 

Background The relationship between smoking and the risk of acute respiratory distress syndrome (ARDS) has been 
recognized, but the conclusions have been inconsistent. This systematic review and meta-analysis investigated 
the association between smoking and ARDS risk in adults.

Methods The PubMed, EMBASE, Cochrane Library, and Web of Science databases were searched for eligible stud-
ies published from January 1, 2000, to December 31, 2023. We enrolled adult patients exhibiting clinical risk factors 
for ARDS and smoking condition. Outcomes were quantified using odds ratios (ORs) for binary variables and mean 
differences (MDs) for continuous variables, with a standard 95% confidence interval (CI).

Results A total of 26 observational studies involving 36,995 patients were included. The meta-analysis revealed 
a significant association between smoking and an increased risk of ARDS (OR 1.67; 95% CI 1.33–2.08; P < 0.001). Fur-
ther analysis revealed that the associations between patient-reported smoking history and ARDS occurrence were 
generally similar to the results of all the studies (OR 1.78; 95% CI 1.38–2.28; P < 0.001). In contrast, patients identified 
through the detection of tobacco metabolites (cotinine, a metabolite of nicotine, and 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanol (NNAL), a metabolite of tobacco products) showed no significant difference in ARDS risk (OR 
1.19; 95% CI 0.69–2.05; P = 0.53). The smoking group was younger than the control group (MD − 7.15; 95% CI − 11.58 
to − 2.72; P = 0.002). Subgroup analysis revealed that smoking notably elevated the incidence of ARDS with extrapul-
monary etiologies (OR 1.85; 95% CI 1.43–2.38; P < 0.001). Publication bias did not affect the integrity of our conclu-
sions. Sensitivity analysis further reinforced the reliability of our aggregated outcomes.

Conclusions There is a strong association between smoking and elevated ARDS risk. This emphasizes the need 
for thorough assessment of patients’ smoking status, urging healthcare providers to vigilantly monitor individuals 
with a history of smoking, especially those with additional extrapulmonary risk factors for ARDS.
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Introduction
ARDS is a prevalent clinical syndrome, characterized by 
acute respiratory failure resulting from diffuse pulmo-
nary inflammation and edema. Characterized by hypox-
emia and evident changes in lung imaging via chest 
X-rays or CT scans, ARDS is associated with a high 
incidence and mortality [1]. ARDS constitutes a signifi-
cant health burden globally, accounting for 10.4% of ICU 
admissions, and approximately 23% of these patients 
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necessitate mechanical ventilation [2]. Despite numer-
ous advancements in treatment, the mortality rate of 
ARDS remains around 30% as of 2021 [3]. Consequently, 
emphasis has shifted toward ARDS prevention, high-
lighting the need to identify and manage modifiable risk 
factors to decrease its incidence.

The clinical precursors to ARDS encompass a range of 
clinical conditions including sepsis, pneumonia, aspira-
tion, trauma, surgical procedures, pancreatitis, transfu-
sions, and inhalation injuries from smoke or toxic gases 
[4]. Despite this understanding, there is still a limited 
grasp of the environmental factors contributing to ARDS, 
highlighting the need for additional research in this area 
[5]. A pivotal 1996 cohort study initially linked smoking 
with an elevated risk of ARDS [6]. Subsequent research 
on various patient demographics has underscored this 
connection, though with inconsistent findings. A 2014 
narrative review identified smoking as a key environ-
mental risk factor for ARDS after analyzing three studies 
[6–9]. However, robust epidemiological evidence linking 
smoking to ARDS risk remains sparse [10]. Our system-
atic review and meta-analysis of observational studies 
aimed to consolidate recent findings, elucidating the rela-
tionship between smoking and ARDS risk.

Methods
Protocol and registration
This systematic review and meta-analysis adhered to the 
PRISMA guidelines (http:// www. prisma- state ment. org/) 
and was registered on PROSPERO (CRD42023483876). 
(Additional file 1: Table S1).

Search strategy
We conducted a comprehensive search of PubMed, 
EMBASE, the Cochrane Library, and Web of Science for 
studies published between 2000 and 2023 without lan-
guage restrictions. The search terms used included all 
possible combinations of ARDS and smoking. A copy of 
our search strategy could be found in our online Sup-
plementary Materials (Additional file  1: Table  S2). We 
screened the reference lists of relevant systematic reviews 
and meta-analyses to ensure that we did not miss any 
additional articles.

Study selection criteria
Participants
Patients aged 18 or older with clinical risk factors for 
ARDS were included.

Exposure
We included studies about assessing smoking via clinical 
records or laboratory tests. The smoking history (includ-
ing smokers, nonsmokers, current smokers, former 

smokers, and never smokers) was extracted from clini-
cal records. The laboratory tests included the detection 
of tobacco product metabolites, such as serum cotinine 
(nonsmokers < 0.02 ng/ml, passive smokers 0.02–3.08 ng/
ml, active smokers > 3.08 ng/ml) and urine NNAL (non-
smokers < 0.25  pg/mg, passive smokers 0.25–47  pg/mg, 
active smokers > 47 pg/mg) [11].

Outcomes
Studies with outcomes for ARDS were included. Studies 
limited to other diagnoses were excluded.

Study design
We included observational cohort and case‒control stud-
ies; excluded reviews, animal and cell studies, abstracts, 
comments, case reports, and cross-sectional studies. In 
case of duplicated data, the study with more complete 
and detailed data was chosen. We also excluded studies 
in which a 2 × 2 table between exposure to smoking and 
the outcome of ARDS could not be constructed. Two 
independent reviewers (LJZ and JHX) screened the titles 
and abstracts, and the full texts of the studies that met 
the inclusion criteria were obtained. Any disagreements 
encountered during the screening process were resolved 
through discussion and, if necessary, with the assistance 
of a third reviewer (YL).

Data extraction
The data were independently extracted by two review-
ers (LJZ and JHX) with electronic spreadsheets. The 
extracted information included the first author’s name, 
publication year, patient data source, ARDS diagnos-
tic criteria, sample size, clinical risk factors for ARDS, 
methods of obtaining smoking status, adjustments for 
confounding factors, smoking status, incidence rates of 
ARDS, age, injury severity scores (ISSs), and mortality 
rates. Smoking status was categorized into two groups: 
smokers (experimental group) and nonsmokers (control 
group). In the analysis, current smokers, former smok-
ers, active smokers, and passive smokers were all catego-
rized into the smoking group. The method for unknown 
non-normal distributions was applied to transform the 
median and quartile into the mean and standard devia-
tion (SD), respectively. Graphical data from the origi-
nal studies were extracted by using WebPlotDigitizer, 
a semiautomated tool that extracts underlying digital 
data by reverse engineering a visual image of the data. 
The extraction forms were compared, and disagree-
ments were resolved firstly by discussion or with a third 
reviewer (YL) if a consensus could not be reached.

http://www.prisma-statement.org/
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Quality assessment
The quality of the studies was assessed by the Newcas-
tle–Ottawa Scale. High quality was defined as a grade > 6. 
Both cohort and case‒control studies had a maximum 
score of 9. Two independent reviewers assessed the qual-
ity of the included studies, and any disagreements were 
resolved through discussion.

Statistical analysis
Data synthesis was conducted with Review Manager soft-
ware version 5.4 (Cochrane Collaboration). We reported 
ORs for dichotomous outcomes and MDs for continuous 
outcomes, with a standard 95% CI. To assess heterogene-
ity among the studies, we employed the Cochrane Q test 
and used the I2 statistic to measure the degree of het-
erogeneity. High heterogeneity was inferred at I2 > 50%, 
prompting the use of a random-effects model; otherwise, 
a fixed-effects model was applied. Subgroup analysis 
focused on clinical risk factors, assessment methods of 
smoking status, and diagnostic criteria of ARDS. Publica-
tion bias was evaluated by using Egger’s test, and com-
plemented by visual inspection through funnel plots. We 
conducted sensitivity analyses using two approaches. 
Firstly, we excluded individual studies sequentially to 
assess their individual impact on the overall results. 
Secondly, in a similar manner, we excluded different 
subgroups of clinical risk factors to gauge their specific 
effects on the stability of our findings. Publication bias 
and sensitivity analyses were conducted with Stata/MP 
17.0 (StataCorp LLC, Texas, US). A P value < 0.05 indi-
cated statistical significance.

Results
Literature search process
Database searches and reference lists yielded a total of 
3763 articles. After the removal of duplicates, we iden-
tified 1598 articles for title and abstract screening, from 
which we identified 78 articles for full text review. Ulti-
mately, 26 of these articles met the inclusion and exclu-
sion criteria. The process of literature selection is detailed 
in Fig. 1.

Study characteristics
This review included 26 studies involving a total of 
36,995 participants; the results are detailed in Table  1. 
The majority (25 studies) [10, 12–30, 32–36] were cohort 
studies, and one was a case‒control study [31]. All the 
studies were conducted under hospital circumstances. 
Quality assessment using the Newcastle‒Ottawa Scale 
revealed that all 26 studies were of medium to high qual-
ity. Information on smoking history was extracted from 
22 studies to assess the relationship between smoking 

and ARDS, while four studies assessed patients’ exposure 
to smoking through the detection of tobacco product 
metabolites. Various ARDS diagnostic criteria were used, 
including the Berlin definition, the American-European 
Consensus Conference definition (AECC), the Interna-
tional Classification of Disease-10 standards (ICD-10), 
the fifth edition of the Indonesian COVID-19 guidelines, 
and criteria set by the Chinese Medical Association’s 
Critical Care Medicine Branch in 2006.

Meta‑analysis
Smoking and ARDS risk
Analysis of 26 studies revealed a significant association 
between smoking and increased ARDS risk (OR 1.67; 
95% CI 1.33–2.08; P < 0.001) (Fig. 2).

Smoking status assessment methods and ARDS risk
In 22 studies, ARDS risk was evaluated based on smok-
ing history, and the results showed a substantial increase 
in risk generally similar to that reported in all the studies 
(OR 1.78; 95% CI 1.38–2.28; P < 0.001). Conversely, four 
studies utilizing tobacco metabolite detection did not 
show a notable increase in risk (OR 1.19; 95% CI 0.69–
2.05; P = 0.53) (Fig. 3).

Smoking cessation and ARDS risk
Among the five studies differentiating current smokers 
from former smokers, smoking cessation did not sig-
nificantly reduce ARDS risk (OR 1.05; 95% CI 0.61–1.81; 
P = 0.87) (Fig. 4).

Characteristics of the smoking population in ARDS risk 
studies
Seven studies presented age data, highlighting that smok-
ers in populations with clinical risk factors for ARDS 
were younger than nonsmokers (MD − 7.15; 95% CI 
− 11.58 to − 2.72; P = 0.002). Among the trauma cohort 
studies, three provided ISS data for smoking and non-
smoking populations, indicating that smokers had lower 
ISSs (MD − 1.95; 95% CI − 3.50 to − 0.39; P = 0.01). Addi-
tionally, three studies compared mortality rates between 
smoking and nonsmoking populations within the same 
group and revealed no significant difference (MD 0.72; 
95% CI 0.37–1.43; P = 0.35) (Fig. 5).

Subgroup analysis
By analyzing subgroups based on clinical risk factors, the 
study revealed a notably greater risk of ARDS in patients 
with sepsis, trauma or burns, and surgery (OR 1.75; 95% 
CI 1.17–2.62; P = 0.006 vs. OR 1.66; 95% CI 1.15–2.40; 
P = 0.007 vs. OR 6.37; 95% CI 1.12–36.13; P = 0.04) (Addi-
tional file 1: Fig. S1). When the pathogenic factors were 
divided into pulmonary (COVID-19, other pneumonias) 
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and extrapulmonary (sepsis, trauma burns, surgery, acute 
pancreatitis, postcerebral hemorrhage) categories, smok-
ing was significantly linked to an increased risk of ARDS 
from extrapulmonary causes (pulmonary factors OR 
1.65; 95% CI 0.87–3.13; P = 0.13 vs. extrapulmonary fac-
tors OR 1.85; 95% CI 1.43–2.38; P < 0.001) (Fig. 6).

Subgroup analyses based on ARDS diagnostic criteria 
and assessment methods of smoking status showed no 
significant difference between subgroups with low het-
erogeneity (Additional file 1: Figs. S4, S5).

Publication bias
Asymmetry in the funnel plot indicated potential pub-
lication bias. However, a trim and fill analysis of studies 
located on the left side of the funnel plot resulted in an 
OR of 1.442 (95% CI 1.167–1.782), suggesting that this 
bias did not substantially impact the overall findings’ 
robustness (Additional file 1: Fig. S2).

Sensitivity analysis
The sensitivity analysis, conducted due to substantial het-
erogeneity (I2 = 82% > 50%), validated the stability of the 
meta-analysis results. The analysis showed that remov-
ing individual studies and each subgroup of clinical risk 
factors, independently, did not markedly alter the overall 
conclusions, thereby ensured the reliability of the com-
bined data (Additional file 1: Fig. S3, Table S3).

Discussion
Adding value to this study, this is the first and most 
comprehensive meta-analysis focusing on the asso-
ciation between smoking and the risk of ARDS among 
observational studies. This study critically evaluated 
various research evidence and examined whether this 
risk could change with different ARDS pathogenesis 
factors. This highlighted how smoking significantly 
elevated the risk of ARDS, categorizing it as a notable 

Fig. 1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) chart. The process of literature selection
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Table 1 The characteristics of the included studies

Study Year Main 
predisposing 
condition

Definition used 
to ascertain 
ARDS

No. of 
people 
include

Clinical risk 
factor

Assessment of 
smoking

Adjustment Quality

AlleaBelle 
Gongola

2021 Trauma center Unnoticed 1880 After trauma Smoke history Age, sex, race, 
and alcohol use 
disorder

7

Ariane R. Panzer 2018 ICU The Berlin Criteria 74 After trauma Plasma cotinine gender 6

B. Dai 2010 Hospitalized 
patients

Criteria set 
by the Chinese 
Medical Associa-
tion’s Critical Care 
Medicine Branch 
in 2006

92 Virus pneumonia Smoke history No adjustment 5

Benjamin M. Aakre 2014 Hospitalized 
patients

the Berlin Criteria 316 After surgery Smoke history Age 6

Carolyn S. Calfee 2015 ICU AECC 426 Sepsis, pneumo-
nia, aspiration, 
pancreatitis, 
near drowning, 
drug overdose, 
or other

Urine NNAL, 
smoke history

Age, gender, 
alcohol abuse

7

Emma Rach-
mawati

2021 Hospitalized 
patients

The fifth edition 
of the Indonesian 
COVID-19 guide-
lines

490 Covid-19 Smoke history No adjustment 4

Farzad Moazed 2020 ICU The Berlin Criteria 635 After trauma Plasma cotinine BMI, ISS 7

Farzad Moazed 2022 ICU Both AECC 
and the Berlin 
Criteria

592 Sepsis Plasma cotinine, 
Urine NNAL

APACHE II, Vaso-
pressor use

7

H. Lei 2013 Hospitalized 
patients

AECC 184 Severe acute 
pancreatitis

Smoke history No adjustment 4

Hiroki Iriyama 2020 ICU The Berlin Criteria 549 Non-pulmonary 
sepsis

Smoke history Age, gender 6

J. Elmer 2013 Hospital database AECC 697 After spontane-
ous intracerebral 
hemorrhage

Smoke history No adjustment 5

Jun Ying 2019 RICU The Berlin Criteria 145 Severe Pneu-
monia

Smoke history No adjustment 5

Majid Afshar MD 
MSc

2017 Burn center The Berlin Criteria 2485 After burn-injured Smoke history Age, sex, mecha-
nism of burn, total 
body surface area 
injured, and inha-
lation injury

7

Mats Christian 
Højbjerg Lassen

2021 Hospitalized 
patients

The Berlin Criteria 168 Covid-19 Smoke history Age, BMI, gender 6

Ognjen Gajic 2011 Emergency 
department

AECC 5204 High-risk trauma, 
high-risk surgery, 
aspiration, sepsis, 
shock, pneumo-
nia, and pancrea-
titis

Smoke history Age 6

P. Wacharasint 2016 SICU AECC 4652 After surgery Smoke history Age, gender, 
operated 
or non-operated, 
APACHE II score, 
and patient’s pre-
existing diseases

8

Paul Balfanz 2021 ICU The Berlin Criteria 125 Covid-19 Smoking history No adjustment 5

Phillip A Howells 2017 Hospitalized 
patients

The Berlin Criteria 129 After surgery Smoke history Age 5
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environmental risk factor. The analysis particularly 
underscored the heightened risk in patients involving 
extrapulmonary pathogenic factors such as sepsis and 
trauma. Intriguingly, smoking increased ARDS risk 
even in younger patients with less severe pathogenic 
injuries. Furthermore, smoking cessation could not 
substantially alter the elevated risk, suggesting that the 

adverse impact of smoking on lung health was deeper 
and more lasting than previously understood.

Cigarette smoke, a complex mixture of gases and par-
ticles, exhibits oxidative, proinflammatory, and carcino-
genic properties [37]. This composition adversely affects 
lung function through multiple mechanisms, such as ele-
vating alveolar epithelial permeability, disrupting normal 

Table 1 (continued)

Study Year Main 
predisposing 
condition

Definition used 
to ascertain 
ARDS

No. of 
people 
include

Clinical risk 
factor

Assessment of 
smoking

Adjustment Quality

S. Sang 2021 Hospitalized 
patients

ICD-10 16,509 Pneumonia and/
or influenza

Smoke history No adjustment 5

Shilei Li 2020 Hospitalized 
patients

The Berlin Criteria 150 Sepsis Smoke history No adjustment 5

T. N. Ferro 2010 Trauma center AECC 327 After trauma Smoke history No adjustment 5

W. Chen 2020 Hospitalized 
patients

The Berlin Criteria 104 Sepsis Smoke history No adjustment 4

X. Huang 2019 ICU The Berlin Criteria 152 Sepsis Smoke history No adjustment 6

Y. Matusov 2020 Trauma center The Berlin Criteria 272 Sepsis Smoke history No adjustment 5

Y. Wang 2019 ICU The Berlin Criteria 109 Sepsis Smoke history No adjustment 6

Yuequan Shi 2022 ICU The Berlin Criteria 529 Sepsis and pneu-
monia

Smoke history age, gender 6

ICU, intensive care unit; AECC, American-European Consensus Conference definition; BMI, body mass index; APACHE II, Acute physiology and chronic health 
evaluation II; RICU, respiratory intensive care unit; SICU, surgical intensive care unit; ICD-10, the international classification of disease-10

Fig. 2 ORs of ARDS between smokers and nonsmokers
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immune responses, and causing vascular endothelial 
damage, all of which are critical pathological and physi-
ological mechanisms of ARDS [7, 38]. Research indi-
cated that smoking-induced pathological alterations 
in the alveolar epithelium mirrored those observed in 
ARDS. Studies in cells and animals revealed that oxida-
tive stress caused by cigarette smoke could negatively 
affect the integrity of alveolar epithelial cell connections 

and suppress the expression of alveolar ion channels [39, 
40]. This damage could increase the likelihood of severe 
edema in the lungs when the patient was exposed to 
ARDS clinical risk factors. Additionally, smoking directly 
impacted both innate and adaptive immunity, potentially 
leading to a heightened risk of infections [41]. These 
effects included impaired mucociliary function, reduced 
clearance of bacteria by alveolar macrophages, decreased 

Fig. 3 a ORs of ARDS between smokers and nonsmokers assessed by smoking history. b ORs of ARDS between smokers and nonsmokers assessed 
by tobacco metabolites

Fig. 4 ORs of ARDS between current and former smokers
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surfactant production, altered T-cell responses, NK cell 
function suppression, and decreased immunoglobulin 
levels [38, 42]. Smoking triggered the influx of neutro-
phils into the tissues surrounding blood vessels. These 
neutrophils, along with activated macrophages, released 
inflammatory cytokines and proteolytic enzymes, con-
tributing to the inflammatory response [43]. Additionally, 
smoking facilitated biofilm formation, enhancing patho-
gen virulence, which played a critical role in escalating 
the risk of respiratory infections [44]. These impaired 
immune defenses and increased infection susceptibil-
ity constituted another potential mechanism through 
which smoking increased the risk of ARDS. Smoking 
was also known to cause endothelial injury and alter 
endothelial functions [45]. Oxidative stress caused by 
cigarette smoke could change the cytoskeletal struc-
ture of endothelial cells, leading to dysfunction of the 
endothelial barrier. In vitro studies showed that cigarette 
smoke extract exacerbated the endothelial dysfunction 
caused by lipopolysaccharides [46]. Moreover, smoking 
could enhance platelet activation, thereby exacerbating 
endothelial cell damage and triggering thrombosis [47]. 
The resulting pulmonary artery thrombosis contributed 

to microvascular filling defects, a key factor in abnormal 
gas exchange in ARDS patients. The intricate connection 
between smoking and ARDS still was an area of ongoing 
investigation. This uncertainty presented challenges in 
the development of effective treatment targets, highlight-
ing the need for additional foundational research in this 
area.

As a clinical syndrome, ARDS arises from various 
causes, leading to a common pathological result: protein-
rich pulmonary edema [3]. However, ample evidence sug-
gested that ARDS caused by different etiologies exhibited 
heterogeneity in its pathological process. Both pulmo-
nary and extrapulmonary risk factors were able to trig-
ger ARDS, with each category influencing the disease’s 
development and characteristics, respectively. Direct 
pulmonary injury-induced ARDS typically led to exten-
sive damage and inflammation in the alveolar epithelium 
[48]. In patients with ARDS triggered by extrapulmo-
nary risk factors, the damage extended beyond the lungs, 
often leading to severe endothelial injury and systemic 
inflammation. This form of ARDS was closely linked to 
endothelial dysfunction, where a compromised endothe-
lial barrier allowed systemic inflammation to spread into 

Fig. 5 a MDs of age between smokers and nonsmokers. b MDs of the ISSs between smokers and nonsmokers in trauma cohorts. c MDs 
of mortality between smokers and nonsmokers
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the lungs. Consequently, this led to heightened alveolar 
epithelial inflammation and an exaggerated macrophage 
inflammatory response, playing a pivotal role in the man-
ifestation of ARDS [1]. Taken together, our findings high-
lighted that smoking predominantly escalated the risk of 
ARDS stemming from extrapulmonary risk factors. These 
findings suggested that the impairment of endothelial 
barrier function, a consequence of smoking, could be a 
key factor in elevating ARDS risk. Emphasizing the rein-
forcement of endothelial barrier functionality was pivotal 
for the prevention of ARDS in patients with extrapul-
monary causes, particularly in individuals who smoked. 
Such a focus could play a crucial role in diminishing the 
occurrence of ARDS in these susceptible populations.

Aging serves as both a risk factor for ARDS and a 
determinant of the severity of lung injury. However, our 
study revealed that within the same high-risk group for 
ARDS, the smoking population could tend to be younger. 
A multicenter study of ARDS patients exposed to ciga-
rette smoke showed that younger smokers, despite having 
fewer instances of septic shock and better overall health, 

had similar levels of lung injury as older nonsmokers 
did [18, 49]. These findings suggested that younger, oth-
erwise healthy individuals who smoke, were more sus-
ceptible to ARDS. The elevated risk of ARDS associated 
with aging could be attributed to a decrease in the body’s 
defense mechanisms; a greater incidence of diseases such 
as pneumonia and overactivation of inflammatory path-
ways such as NF-κB [50]. Research findings indicated 
that neutrophils from elderly individuals exhibited non-
targeted tissue migration, increasing release of primary 
granules, elevating neutrophil elastase activity, and led 
to heightened tissue inflammation [51]. These cellu-
lar changes contributed to a more inflammatory inter-
nal state in older adults, escalating their vulnerability to 
intense inflammatory reactions in response to lung inju-
ries. A systematic review of animal studies also revealed 
a correlation between increased age and more severe 
lung injuries [52]. Basic research demonstrated that ciga-
rette smoke could cause aging-like damage. Human lung 
fibroblasts exposed to cigarette smoke extract exhibited 
an aging-associated secretory phenotype, releasing a 

Fig. 6 Subgroup analysis, comparing pulmonary and extrapulmonary risk factors
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range of inflammatory cytokines and chemokines, thus 
fostering a proinflammatory milieu and encouraging 
immune cell recruitment [41]. In human bronchial epi-
thelial cells exposed to cigarette smoke extract, there was 
an accumulation of mitochondrial fragments, reduced 
autophagy, heightened reactive oxygen species (ROS) 
generation, and cellular aging [53]. Smoke-exposed mice 
also exhibited similar patterns of impaired autophagy and 
cellular aging [54]. These findings clearly indicated that 
starting to smoke at an earlier age could lead to a larger 
pool of individuals being prone to ARDS. Additionally, 
our research revealed that cessation of smoking could not 
markedly lower this risk. This underlined the importance 
of focusing on early smoking prevention and cessation 
strategies to decrease ARDS risk, particularly in younger 
populations.

Measuring cigarette smoke exposure in epidemio-
logical studies is challenging. Cohort studies evaluating 
the quantitative link between smoking and ARDS often 
measured tobacco metabolite levels (cotinine, NNAL) to 
identify exposed individuals [9, 15, 17, 18, 36, 55]. Pre-
vious studies indicated that in certain patient groups, 
such as those with blunt trauma injuries and nonlung 
sepsis, higher levels of tobacco product metabolites 
were identified as independent risk factors for ARDS 
[17, 18]. However, our meta-analysis indicated that the 
current thresholds for tobacco metabolite detection 
did not markedly elevate ARDS risk in identified smok-
ers. In contrast, a noticeable increase in ARDS risk was 
observed in populations identified through inquiries 
about smoking history. These findings suggested that 
the existing thresholds for tobacco metabolite screening 
might be too low, including a large group with minimal 
exposure to cigarette smoke, which were not substan-
tially affected. Therefore, revising these thresholds could 
lead to more accurate identification of high-risk ARDS 
patients in clinical practice.

The studies enrolled in our research did not provide 
data on e-cigarette vaping. Although e-cigarettes were 
often perceived as less harmful alternatives to tradi-
tional cigarettes, recent studies indicated that they 
could cause pulmonary inflammation, injury, and other 
pathological changes associated with ARDS [56, 57]. 
Similar to the traditional cigarettes, e-cigarette vaping 
could provoke inflammatory responses and oxidative 
stress, activating pulmonary macrophages and epithe-
lial cells to release proinflammatory cytokines, leading 
to damage in alveolar epithelial and endothelial cells 
[58, 59]. Additionally, e-cigarette vaping might increase 
the risk of ARDS through unique mechanisms, such as 
toxic metabolites from flavorings and harmful com-
pounds produced at high temperatures, causing cyto-
toxic responses and alveolar death [57]. Consequently, 

e-cigarette vaping might elevate the risk of ARDS. 
Future clinical research should consider e-cigarette 
vaping among patients to clarify its relationship with 
the incidence of ARDS.

This study had several limitations. Notably, our results 
exhibited high heterogeneity. We did extensive subgroup 
and sensitivity analyses to explain this issue. The results 
showed that clinical risk factors, assessment methods of 
smoking status, and ARDS diagnostic criteria were not 
the primary contributors to the observed heterogeneity. 
The inherent heterogeneity might be attributed to the 
characteristics of the observational studies, which often 
contained uncontrolled confounding factors. Regret-
tably, available information was too limited for further 
exploration. Future large-scale prospective studies were 
recommended to validate these findings. Additionally, 
the possibility of publication bias was considered, yet 
the statistical analysis suggested it did not affect the sta-
bility of our results. Moreover, two case–control studies 
linking smoking with a higher risk of transfusion-related 
lung injury were not included in our meta-analysis due 
to incomplete data [60, 61]. Finally, given the limited 
number of studies, the results should be interpreted with 
caution. Updated meta-analyses incorporating future 
research findings were recommended to provide a more 
comprehensive understanding of the topic.

Conclusion
In conclusion, this meta-analysis contributed further evi-
dence that smoking increases the risk of ARDS.
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